Regulation of junction dynamics in the testis--transcriptional and post-translational regulations of cell junction proteins by Lee, WWM & Lui, WY
Title Regulation of junction dynamics in the testis--transcriptionaland post-translational regulations of cell junction proteins
Author(s) Lui, WY; Lee, WWM
Citation Molecular and Cellular Endocrinology, 2006, v. 250 n. 1-2, p. 25-35
Issued Date 2006
URL http://hdl.handle.net/10722/48682
Rights Molecular and Cellular Endocrinology. Copyright © ElsevierIreland Ltd.
This is a pre-published version
UN
CO
RR
EC
TE
D 
PR
OO
F
MCE 6281 1–11
Molecular and Cellular Endocrinology xxx (2006) xxx–xxx
Regulation of junction dynamics in the testis—Transcriptional and
post-translational regulations of cell junction proteins
3
4
Wing-Yee Lui, Will M. Lee ∗5
Department of Zoology, The University of Hong Kong, Pokfulam Road, Hong Kong, PR China6
7
Abstract8
Cell junctions are the sites at which cells attach to the neighboring cells. They do not only maintain tissue integrity, their turnover also plays
a crucial role in cell development and morphogenesis. In the testis, tight junctions and adherens junctions are dynamically remodeled to allow
the movement of post-meiotic germ cells across the seminiferous epithelium and the timely release of spermatids into the tubular lumen. There is
growing evidence that this dynamic remodeling of cell junctions is mediated by several mechanisms at the transcriptional and post-translational
levels. This review summarizes what is known about the transcriptional regulation, ubiquitination and endocytosis that are involved in modulating
junction dynamics in epithelial cells. It also highlights the recent findings on the regulation of junction dynamics in the testis and the specific
areas that require further research for a thorough understanding of the role of junction remodeling in spermatogenesis. Understanding the junction
dynamics in the seminiferous epithelium may unfold new targets for non-hormonal male contraceptive development.
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1. Introduction20
In rodent testes, a type A1 spermatogonium (diploid, 2n)21
gives rise to 256 mature spermatids (haploid, n) in the sem-22
iniferous epithelium during spermatogenesis (for reviews, see23
Cheng and Mruk, 2002; de Kretser and Kerr, 1988). Differenti-24
ating germ cells must traverse from the basal to the adluminal25
compartment of the seminiferous epithelium to complete sper-26
matogenesis. Tight junctions (TJs) between Sertoli cells at the27
basal compartment form the blood–testis barrier (BTB), which28
segregates most part of spermatogenesis from the systemic cir-29
culation (for reviews, see Dym and Cavicchia, 1977; Dym and30
Fawcett, 1970; Russell and Peterson, 1985). At the late stage31
VIII through early stage IX, preleptotene and leptotene sper-32
matocytes must traverse the BTB, where junctions are rapidly33
broken and subsequently reassemble to allow the spematocytes34
to pass through (for reviews, see Cheng and Mruk, 2002; Lui et35
al., 2003d; Russell, 1977).36
The translocation of germ cells across the seminiferous37
epithelium involves not only the dynamic modulation of TJ at the38
BTB, but also the extensive restructuring of actin-based adherens39
junctions (AJs) between Sertoli cells as well as between Sertoli40
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and germ cells thereafter, so that differentiating germ cells could 41
move towards the adluminal compartment for further develop- 42
ment (for reviews, see Cheng and Mruk, 2002; Lui et al., 2003d; 43
Mruk and Cheng, 2004). 44
Previous studies in our laboratory have shown that the 45
restructuring of cell junctions in the testis involves an array of 46
biomolecules such as cytokines, proteases, protease inhibitors 47
and extracellular matrix proteins, and signaling molecules 48
including cAMP and cGMP (Lee and Cheng, 2004; Lui et al., 49
2001, 2003b, 2003f; Siu and Cheng, 2004; Siu et al., 2003a, 50
2003b; Wong et al., 2004). 51
Cytokines such as transforming growth factor-3 (TGF-3) 52
and tumor necrosis factor- (TNF-) have been shown to be 53
involved in regulating junction proteins such as claudin-11, 54
occludin and ZO-1 at their transcriptional levels in Sertoli cells 55
(Lui et al., 2001). Cytokine-mediated transcriptional regulation 56
of those proteins results in altering the permeability of the TJ 57
barrier both in vitro and in vivo (Lui et al., 2001, 2003b, 2003f; 58
Siu and Cheng, 2004; Wong et al., 2004). These results clearly 59
demonstrate that the transcriptional regulation of the junction 60
proteins is one of the major regulatory mechanisms to modu- 61
late the junction dynamics in the testis. Apart from transcrip- 62
tional regulation of junction proteins, our recent studies have 63
demonstrated that junction restructuring is also mediated via 64
post-translational modification of the junction protein. Ubiqui- 65
tination regulates the bioavailability of targeted junction proteins 66
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at the site of cell–cell contact, resulting in the opening and clos-67
ing of cell junctions (Lui and Lee, 2005).68
The structure and function of cell junctions in the testis have69
been reviewed extensively (for reviews, see Cheng and Mruk,70
2002; Lui et al., 2003d; Mruk and Cheng, 2004). Here we attempt71
to highlight specific research areas that deserve attention in72
future studies. In this review, we shall focus on the (i) tran-73
scriptional regulation and (ii) post-translational modification of74
cell junction proteins at the site of cell–cell contact, which in75
turn regulate cell junction dynamics.76
2. Structure and molecular composition of cell77
junctions in the testis78
Morphologically, TJs form a continuous circumferential seal79
above the basal lamina of the seminiferous tubules in the testis.80
The molecular architecture of TJs has been unraveled rapidly81
in recent years (for reviews, see Fanning et al., 1999; Martin-82
Padura et al., 1998; Mitic et al., 2000). Three classes of integral83
membrane proteins have been positively identified in the testis84
including occludin, claudins and junctional adhesion molecules85
(JAM) (Martin-Padura et al., 1998; Moroi et al., 1998; Tsukita86
et al., 2001). Several peripheral membrane proteins, which are87
linked to the integral membrane proteins have also been identi-88
fied at the site of TJs in the testis. They include zonula occludens-89
1 (ZO-1), ZO-2, cingulin and several others (for reviews, see90
Byers et al., 1991, 1992; Cheng and Mruk, 2002; Jesaitis and91
Goodenough, 1994; Lui et al., 2003d; Mruk and Cheng, 2004).92
Some of the peripheral proteins function to connect the integral93
membrane protein with the actin filament inside the cell.94
Adherens junctions link cytoskeletal elements from one cell95
(e.g. sertoli cell) to the same type or another type of cell (e.g.96
germ cell) or to the extracellular matrix, creating a network that97
maintains the architecture of the testis. More importantly, the98
dynamic nature of AJs in the testis permits the translocation of99
developing germ cells across the seminiferous epithelium during100
spermatogenesis. There are three classes of interlocking protein101
complexes identified at the AJs. They are the cadherin–catenin102
complex, nectin–afadin complex and integrin–laminin complex103
(Bouchard et al., 2000; Chapin et al., 2001; Chung et al., 1999;104
Lee et al., 2003; Ozaki-Kuroda et al., 2002; Siu et al., 2003b;105
Wine and Chapin, 1999). The regulatory mechanisms of the106
formation and disruption of TJs and AJs have been examined107
extensively (for reviews, see Cheng and Mruk, 2002; Lui et al.,108
2003d, 2003e; Mruk and Cheng, 2004), and the promoter anal-109
yses of occludin, claudins and cadherin have also begun (Batlle110
et al., 2000; Bolos et al., 2003; Chen et al., 2000; Comijn et al.,111
2001; Li and Mrsny, 2000; Mankertz et al., 2000).112
3. Regulation of TJ dynamics by transcriptional113
regulation of tight junction proteins114
Previous studies from our laboratory and others have revealed115
that cytokines down-regulate the transcription of the junction116
proteins in primary Sertoli cells and the human intestinal cell117
line, HT-29/B6 (Hellani et al., 2000; Lui et al., 2001; Mankertz118
et al., 2000; Siu et al., 2003a). This cytokine-mediated transcrip-119
tional repression resulted in the reduced expression of junction 120
proteins, concomitant with an increase in barrier permeability. 121
Although major advances have been made in the past 20 122
years in identifying the components of TJs as well as the sig- 123
naling pathways involved in the regulation of TJ dynamics (for 124
reviews, see Cheng and Mruk, 2002; Lui et al., 2003d, 2003e; 125
Mruk and Cheng, 2004), the transcriptional regulation of TJ 126
proteins involved in modulating TJ junction dynamics is limited 127
to the transmembrane proteins such as occludin and claudins 128
(Ikenouchi et al., 2003; Luk et al., 2004; Mankertz et al., 2000; 129
Sakaguchi et al., 2002; Wachtel et al., 2001). It is obvious that 130
studies of transcriptional regulation of other TJ protein mem- 131
bers, including the peripheral membrane proteins, should be 132
expanded to further our understanding of the precise regula- 133
tory mechanism(s) by which TJ dynamics are regulated at the 134
transcriptional level. 135
3.1. Occludin 136
Occludin, a 64 kDa protein, was the first TJ integral mem- 137
brane protein identified in many epithelia including the rat sem- 138
iniferous epithelium (Furuse et al., 1993). Numerous studies 139
have implicated that cytokines such as TNF and interferon  140
(IFN) exert negative regulatory effects on the expression of 141
occludin in epithelial cells along with the disruption of TJ bar- 142
rier monitored by transepithelial resistance (TER) measurement 143
(Hellani et al., 2000; Lui et al., 2001; Mankertz et al., 2000; 144
Siu et al., 2003a; Wachtel et al., 2001). Studies from Mankertz 145
et al. (2000) have identified the promoter sequence essential 146
for the regulation of occludin expression and TJ formation in 147
HT-29/B6 cells. The 208 bp DNA fragment upstream from the 148
putative transcription start site of occludin gene was shown to be 149
necessary and sufficient in mediating the basal promoter activ- 150
ity. It was also shown that TNF impaired TJ barrier function by 151
lowering the expression of occludin in HT-29/B6 cells through 152
the suppression of the promoter activity (Mankertz et al., 2000). 153
Although a number of potential cis-acting motifs pertinent to 154
TNF-mediated gene transcription, such as NF-IL6 and NF-B 155
(GGGAGGAGGC, at position 1753), were identified within the 156
human occludin promoter sequences, the detailed intracellular 157
pathway that mediates TNF-dependent occludin gene repres- 158
sion remains to be elucidated. 159
Other studies by Wachtel et al. (2001) have shown a similar 160
negative effect of TNF on occludin gene transcription in astro- 161
cytes, but not in brain endothelial cells and Madin–Darby canine 162
kidney cells (MDCK). It was found that TNF suppressed 163
occludin mRNA level, but not ZO-1 expression in astrocytes 164
and the removal of TNF from astrocytes could restore basal 165
expression of occludin. The effect of TNF on occludin expres- 166
sion in astrocytes is mediated through TNF type-1 receptor 167
and NF-B. It was suggested that NF-B might either function 168
as a negative regulator through a direct interaction with the cis- 169
acting motif located on occludin promoter or exert an indirect 170
effect by activating a repressor that acted on the occludin pro- 171
moter (Wachtel et al., 2001). 172
TNF could decrease occludin expression via the transcrip- 173
tional repression in HT-29/B6 cells and astrocytes, but it showed 174
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no effect on brain endothelial cells and MDCK cells. These175
studies have demonstrated that TNF represses the occludin pro-176
moter in a cell-specific manner. Recent findings in our laboratory177
have demonstrated that TNF and TGF-3 play a crucial role in178
regulating TJ dynamics in the testis. They have been shown to179
exert a negative effect on occludin transcription, which in turn180
reduces the occludin protein level thus leading to an increase in181
the testicular barrier permeability (Lui et al., 2001, 2003c; Siu182
et al., 2003a). The effect of TGF-3 on occludin expression has183
been confirmed recently in in vivo studies (Lui et al., 2003f);184
however, the molecular mechanism on how TNF and TGF-3185
down-regulate the occludin promoter activity in Sertoli cells is186
not clearly known. Work remains to be done to elucidate the187
transcriptional repression machinery and the significance of the188
transcriptional repression of occludin in modulating TJ dynam-189
ics in the testis.190
Recent studies have demonstrated that the Snail superfam-191
ily of repressors encoding transcription factors of the zinc-192
finger type are involved in transcriptional regulation of occludin193
(Ikenouchi et al., 2003). The two members of this superfamily,194
Snail and Slug, were found to repress the occludin transcription195
in many epithelial cells including the human breast cancer cell,196
MCF7 and the mammary epithelial cell, Eph4 (Ikenouchi et al.,197
2003; Ohkubo and Ozawa, 2004). Most of the studies of Snail198
and Slug have been focused on their role in the epithelium-199
mesenchyme transition (for reviews, see Nieto, 2002; Thiery,200
2002). The functional importance of Snail superfamily in sper-201
matogenesis has not been investigated. In this regard, it is202
noteworthy to examine whether Snail or Slug could elicit a203
stage-specific expression of junction proteins in the seminif-204
erous epithelial cycle. Would Snail and Slug be involved in the205
complete shutdown of occludin expression at the stages VIII-IX206
of the epithelial cycle, when the BTB is disassembled to allow207
the translocation of preleptotene and leptotene spermatocytes208
towards the adluminal compartment of the seminiferous epithe-209
lium? The molecular function of Snail superfamily in the testis210
has yet to be defined.211
3.2. Claudins212
Similar to occludin, claudins are also integral membrane pro-213
teins (∼23 kDa) found at the sites of TJs in both epithelia and214
endothelia (for reviews, see Heiskala et al., 2001; Morita et al.,215
1999a; Tsukita and Furuse, 1999). They are from large gene fam-216
ily with more than 20 members (for reviews, see Morita et al.,217
1999a; Tepass, 2003). Different mammalian tissues have their218
own combination of claudin members (Morita et al., 1999a). For219
instance, several claudin members have been found in the testis220
and they are claudin-1, -3, -4, -5, -7, -8, and -11 (Tsukita et al.,221
2001). Among them, claudin-11 is highly expressed in the testis222
and is an important TJ building block that constitutes TJ strands223
between Sertoli cells in the testis (Gow et al., 1999; Morita et224
al., 1999b).225
Studies from Ikenouchi et al. and Ohkubo et al. have unrav-226
eled the importance of Snail in the transcriptional regulation of227
claudins (Ikenouchi et al., 2003; Ohkubo and Ozawa, 2004).228
The promoters of mouse claudin-3, -4 and -7 were character-229
ized and each promoter has at least six E-boxes (Ikenouchi et 230
al., 2003). The E-box motif, with sequence [CA(G/C)(G/C)TG], 231
is identical to the binding sites for Snail (Ikenouchi et al., 2003). 232
When Snail expression vector and claudin reporter constructs 233
were co-transfected into Eph4 cells, the promoters of claudin- 234
3, -4 and -7 were repressed remarkably. While co-transfection 235
of mutant Snail lacking the N-terminal SNAG domain, which 236
is essential for the repressor activity, the repression effect of 237
Snail on claudin-7 promoter was impaired (Ikenouchi et al., 238
2003). These studies clearly illustrated that the transcription of 239
claudins was directly regulated by Snail through modulating 240
their promoter activities. However, studies from Ohkubo and 241
Ozawa (2004) have shown that Snail is involved in direct tran- 242
scriptional repression of occludin, but not claudin-1. It was found 243
that overexpression of Snail in MDCK cells could only decrease 244
the protein synthesis of claudin, suggesting that Snail down- 245
regulated claudin-1 through the control of post-transcriptional 246
events (Ohkubo and Ozawa, 2004). Such discrepancy in the 247
role of Snail on transcriptional regulation of claudin genes as 248
revealed by the two studies might be related to the use of differ- 249
ent cell lines as well as the members of claudin gene chosen for 250
study. 251
In view of the physiological significance of Snail superfamily 252
in transcriptional regulation of TJ components, it is important 253
that Snail and Slug should be studied more vigorously in the 254
testis for the purpose of elucidating their role in the migration 255
of preleptotene/leptotene spermatocytes across the BTB during 256
the late stage VIII and early stage IX of the epithelial cycle. 257
Apart from Snail, several transcription factors such as the 258
-catenin/Tcf complex, Cdx homeodomain proteins/hepatocyte 259
nuclear factor-1 and Sp1 were reported to bind directly to 260
claudin-1, -2 and -19 promoters, respectively (Luk et al., 2004; 261
Miwa et al., 2000; Sakaguchi et al., 2002). For instance, 262
-catenin/Tcf complex binds the two putative Tcf4 binding 263
elements in the 5′ flanking region of claudin-1 to activate 264
transcription (Miwa et al., 2000). HNF-1 enhances Cdx2- 265
mediated activation of claudin-2 promoter in Caco-2 cells and 266
HNF-1 is an organ-specific regulator of claudin-2 expres- 267
sion in the liver (Sakaguchi et al., 2002). These findings 268
indicate that expressions of different claudin members in dif- 269
ferent tissues are under unique and sophisticated regulatory 270
control. 271
Previous studies from our laboratory have shown that TGF- 272
3 can down-regulate the expression of claudin-11 in cultured 273
Sertoli cells at the time of TJ assembly, which in turn perturbs 274
the TJ permeability barrier (Lui et al., 2001). These results thus 275
suggest claudin-11 plays a vital role in the formation and mainte- 276
nance of TJ barrier in the testis. Recent studies have also revealed 277
that follicle stimulating hormone (FSH) and TNF exert a neg- 278
ative effect on claudin-11 transcription in mouse Sertoli cells 279
(Hellani et al., 2000). It was also found that the FSH-driven tran- 280
scriptional repression of claudin-11 gene is mediated through 281
the cAMP/protein kinase A pathway (Hellani et al., 2000). It is 282
believed that a unique transcriptional mechanism might exist to 283
confine the tissue-specific expression of claudin-11 in the testis 284
and brain. Such a postulate is supported by the observation that 285
organ-specific transcription factor such as HNF-1 is involved 286
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in regulating the expression of claudin-2 in the liver, but not in287
other tissues (Sakaguchi et al., 2002).288
Several cis-acting motifs including NY-F and GATA motifs289
have been identified to be involved in the activation of290
mouse claudin-11 transcription. Gel-shift analysis and co-291
immunoprecipitation studies have shown that NY-F, GATA-1292
and CREB form a transcriptional complex and bind to the same293
GATA/NY-F overlapping motif on mouse claudin-11 promoter,294
and overexpression of these transcription factors significantly295
increased the claudin-11 promoter activity (Lui et al., unpub-296
lished observation). These findings clearly suggest that the tran-297
scriptional machinery of claudin-11 gene is different from the298
other claudin members. In the proximal claudin-11 promoter,299
some testis-specific cis-acting motifs such as SRY were iden-300
tified by sequence analysis. It is noteworthy to determine how301
SRY plays a role in regulating the expression of claudin-11 gene302
in the adult testis as it has been suggested that during the testic-303
ular development in the fetus, the expression of claudin-11 gene304
is probably under the control of SRY (Hellani et al., 2000).305
4. Regulation of AJ dynamics by transcriptional306
regulation of adherens junction proteins307
Ectoplasmic specializations (ES) are specialized actin-308
based cell–cell AJs unique to the testis. Cadherin-catenin,309
nectin/afadin and integrin/laminin complexes are the interlock-310
ing protein complexes that can be found at the ES in the testis311
(for reviews, see Cheng and Mruk, 2002; Lui et al., 2003e; Mruk312
and Cheng, 2004). They can be found between Sertoli cells at the313
basal region of the seminiferous epithelium (basal ES) as well as314
at the apical region of the seminiferous epithelium where devel-315
oping and mature spermatids attach onto Sertoli cells (apical316
ES). The turnover of ES permits the movement of spermato-317
cytes across the epithelium and allows the release of mature318
spermatids from the seminiferous epithelium (for reviews, see319
Cheng and Mruk, 2002; Mruk and Cheng, 2004). Previous stud-320
ies in our laboratory have identified biomolecules such as Rho321
GTPases and signaling pathways such as integrin-linked kinase322
that are involved in AJ disassembly and reassembly in the testis323
(Lui et al., 2003a; Siu et al., 2003b).324
Studies from this and other laboratories have demonstrated325
that the transcriptional regulation of AJ components also plays326
a critical role in modulating the expression of AJ proteins on327
epithelial cells, which results in the destruction of cell junctions328
(Batlle et al., 2000; Cano et al., 2000). Understanding the tran-329
scriptional mechanism by which transcription factors act on the330
promoters of AJ components in other epithelial cells will pro-331
vide a useful guideline on similar studies in the testis and the332
modulation of AJ dynamics in the testis.333
4.1. Cadherin334
Previous studies have shown that the loss of cadherin expres-335
sion is responsible for the breakdown of intercellular adhesion,336
suggesting that the regulation of cadherin gene transcription is337
one of the predominant mechanisms to control the AJ dynamics338
in epithelial cells (Perl et al., 1998).339
The transcriptional regulation of cadherin was extensively 340
studied in the field of cancer biology since the down-regulation 341
of E-cadherin expression is highly pertinent to the development 342
of tumors and their progression (Birchmeier and Behrens, 1994; 343
Takeichi, 1993). Recent studies have identified several transcrip- 344
tional factors including bHLH factor E12/E47, the two-handed 345
zinc factors ZEB-1 (EF1) and ZEB-2 (SIP-1) that are involved 346
in transcriptional repression of the cadherin gene (Comijn et al., 347
2001; Grooteclaes and Frisch, 2000; Perez-Moreno et al., 2001). 348
Interestingly, all these transcriptional repressors act through the 349
interaction with specific E-boxes on the proximal promoter of 350
cadherin, resulting in down-regulation of cadherin expression 351
(Comijn et al., 2001; Grooteclaes and Frisch, 2000; Perez- 352
Moreno et al., 2001). 353
There is emerging evidence showing that the Snail super- 354
family of transcriptional factors are involved in the regulation of 355
cadherin gene transcription (for reviews, see Nieto, 2002; Thiery, 356
2002). Studies from several laboratories have demonstrated that 357
Snail and Slug zinc-finger proteins repressed the endogenous 358
E-cadherin expression in a panel of epithelial tumor cell lines of 359
different origins, ranging from bladder carcinoma to breast carci- 360
noma (Batlle et al., 2000; Hajra et al., 2002; Kurrey and Bapat, 361
2005). The Snail- and Slug-mediated repression pathways act 362
through the putative E-box motifs on the E-cadherin proximal 363
promoter (Batlle et al., 2000; Bolos et al., 2003; Ikenouchi et al., 364
2003). This specific E-cadherin repression mechanism has been 365
unraveled by Peinado et al. It was found that Snail mediated 366
E-cadherin repression by the recruitment of the Sin3A/histone 367
deactylase 1 (HDAC1)/HDAC2 complex at the E-cadherin pro- 368
moter (Peinado et al., 2004). At there, HDAC1/HDAC2 deacety- 369
lated the histone H3 and H4 proteins. This suggests that Snail 370
mediates chromatin remodeling and histone modifications to 371
repress the cadherin expression (Peinado et al., 2004). 372
4.2. Nectin 373
Nectin is a newly identified AJ integral membrane protein. 374
Much of the works performed previously focused on the identifi- 375
cation of its interacting partners and localization. Until recently, 376
the gene knockout studies have illustrated that nectin-2 is a major 377
component of the ES in the testis and plays a crucial role in sper- 378
matogenesis (Bouchard et al., 2000). Loss of nectin-2 in male 379
mice results in infertility. Proper formation and destruction of 380
nectin-2-based AJs between Sertoli cells and germ cells allow 381
the movement of developing germ cells (Bouchard et al., 2000; 382
Ozaki-Kuroda et al., 2002). 383
In our laboratory, we have recently isolated the mouse nectin- 384
2 promoter for detailed characterization. It was found that Sp1 385
and cAMP response element (CRE) motifs at the proximal pro- 386
moter played a crucial role in regulating gene transcription. 387
Interestingly, gel-shift assays, overexpression analysis and chro- 388
matin immunoprecipitation assays have unequivocally shown 389
that not only CREB protein interacts with the CRE cis-acting 390
motif, c-Jun, but not c-fos, also acts through the CRE motif 391
to up-regulate the nectin-2 transcription in Sertoli cells (Lui 392
et al, unpublished observation). This transcriptional regulation 393
is functionally significant to the testicular physiology as cyclic 394
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Fig. 1. A schematic diagram illustrating the location of the cell junctions between Sertoli cells and different types of germ cells in the seminiferous epithelium. The
blood–testis barrier, which is constituted by tight junctions, divides the epithelium into the basal and adluminal compartment. Anchoring junctions that are present
in the seminiferous epithelium including (i) cell–cell actin-based adherens junctions such as ectoplasmic specialization and the tubulobulbar complex, (ii) cell–cell
intermediate filament-based desmosome-like junctions. The dynamics rearrangement of cell junctions is essential to allow the movement of germ cells from the basal
compartment to the adluminal compartment to complete spermatogenesis.
expression of CREB in the seminiferous epithelium concomi-395
tant with the expression of nectin-2 gene was observed when396
isolated staged seminiferous tubules were analysed (Don and397
Stelzer, 2002; Waeber et al., 1991).398
5. Regulation of junction dynamics via399
post-translational modification of junction protein at the400
site of cell–cell contact401
Cell junctions between Sertoli–Sertoli and Sertoli–germ cells402
are dynamically modulated and such changes can result in the403
translocation of differentiating germ cells from the basal to the404
adluminal compartment of the seminiferous epithelium for sper-405
miation. Undoubtedly, transcriptional regulation of the junction406
components is an important mechanism to control the expres-407
sion of the junction proteins (Ivanov et al., 2005; Nieto, 2002;408
Thiery, 2002). Still, the fate of the existing junction proteins409
at the site of cell–cell contact is a major determinant factor on410
junction dynamics. For instance, remodeling of junction pro-411
teins during epithelial morphogenesis occurs in 1 h (Schock412
and Perrimon, 2002), whereas the half-lives of the junction413
proteins are much longer, up to 12 h for occludin (Wong and414
Gumbiner, 1997). The disparity between the stability of junc-415
tion proteins and rapid junction remodeling apparently suggests416
that the transcriptional regulation of the junction protein is not417
the sole mechanism to achieve rapid remodeling of the cell 418
junctions. 419
Ubiquitination and endocytosis are recognized as the two 420
essential mechanisms of targeted protein degradation whereby 421
the targeted proteins are removed by the proteasome and the 422
lysosomal system, respectively (for reviews, see Le Roy and 423
Wrana, 2005; Takei et al., 2005; Wilkinson, 2000). There is 424
growing evidence that ubiquitination and endocytosis of junction 425
proteins at the site of cell–cell contact are effective mechanisms 426
for the remodeling of cell junctions in dynamic situations, where 427
junctions must be rapidly broken and reassembled (Fujita et al., 428
2002; Kamei et al., 1999; Le et al., 1999; Lui and Lee, 2005; 429
Paterson et al., 2003; Taya et al., 1998; Traweger et al., 2002). 430
Herein, we attempt to review (i) the mechanism of protein 431
ubiquitination and deubiquitination, (ii) the covalent attachment 432
of ubiquitin to the targeted junction proteins or removing ubiq- 433
uitin to rescue degradation, and (iii) endocytosis of cell junction 434
proteins (Fig. 1). 435
6. Ubiquitination 436
The ubiquitin conjugation system is composed of ubiquitin 437
and three enzymes namely ubiquitin-activating enzyme (E1), 438
ubiquitin-conjugating enzyme (E2) and ubiquitin-ligase (E3) 439
(for reviews, see Hershko and Ciechanover, 1998; Hicke, 2001). 440
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Fig. 2. A schematic drawing illustrating the dynamic regulation of junction proteins through ubiquitination and deubiquitination. At steady-state, junction proteins
are organized at the site of cell–cell contacts. Under certain conditions such as cAMP-mediated junction disassembly, E3 ligase recognizes and binds to the specific
junction protein substrate. Meanwhile, E1 activates ubiquitin and the activated ubiquitin is then conjugated with E2. With the aid of E2, E3 ligase functions to
mediate the transfer of ubiquitin chains to the junction protein. The ubiquitinated protein may either be degraded into short peptides by proteasome with the release
of ubiquitin chain, or undergo deubiquitination by deubiquitinating enzymes (DUBs). DUBs act on the ubiquitin chain and cleave the ubiquitin chain from that
protein, resulting in rescuing the protein from degradation. The junction protein can be recycled back to the cell surface, which in turn facilitates the reassembly of
cell junctions.
Ubiquitin, an evolutionary conserved protein with 76 amino acid441
residues, is first activated through the glycine residue in its C-442
terminus by E1. An E1-ubiquitin intermediate is formed with a443
high-energy thioester bond. The activated ubiquitin then passes444
a thiol group onto one of the E2. The E2 when bound to an E3445
ligase transfers activated ubiquitin to the target protein (Fig. 2).446
Most organisms contain one or two E1s since E1 is able to carry447
out the activation of ubiquitin for all modifications, whereas E2448
and E3 have their substrate specificities. Each E2 transfers ubiq-449
uitin specifically to a single or several E3 ligases, whilst each450
E3 ligase can associate with unique protein substrates through451
recognizing similar motifs (for review, see Pickart, 2001).452
The protein substrate tagged with a polyubiquitin chain is453
then recognized and degraded into short peptides by the 26S454
proteasome complex. The ubiquitin is then released and recycled455
(for reviews, see Hicke, 2001; Pickart, 2001) (Fig. 2).456
7. Deubiquitination457
Ubiquitination can be reversed by members of a large family458
of enzymes known as isopeptidases or deubiquitinating enzymes459
(for reviews, see Kim et al., 2003; Wilkinson, 2000; Wing,460
2003). Generally, the deubiquitinating enzymes can be divided461
into two main types (for review, see Wing, 2003). The first462
group functions to regenerate ubiquitin from proteolytic rem-463
nants produced by the proteasomes, thereby to speed up the464
proteasome-dependent proteolysis. The second group of the deu-465
biquitinating enzymes is responsible for the reverse process of466
ubiquitin conjugation. In the process of deubiquitination, the467
enzymes cleave the isopeptide bond of poly-ubiquitin chain 468
proximal to the target proteins or hydrolyze the poly-ubiquitin 469
chains into ubiquitin monomers, and thereby prevent the degra- 470
dation of protein by the proteasome (Hochstrasser, 1995). By 471
the action of the deubiquitinating enzymes, the ubiquitinated 472
protein which is originally destinated to the degradation process 473
can then be rescued (Fig. 2). 474
8. Attachment of ubiquitin to the targeted proteins for 475
degradation by proteasome 476
Using yeast two-hybrid screening, an E3 ubiquitin ligase Itch 477
was identified to bind specifically to the NH2-terminal portion of 478
occludin (Traweger et al., 2002). This novel interaction between 479
Itch and occludin is involved in the ubiquitination of occludin in 480
MDCK cells, and the degradation of occludin is sensitive to pro- 481
teasome inhibition (Traweger et al., 2002). Such interaction can 482
also be found in the Sertoli cells by which TJs are dynamically 483
rearranged to allow the movement of germ cells in the semi- 484
niferous epithelium (Lui and Lee, 2005). In addition, a novel 485
interaction between Itch and UBC4 (an ubiquitin-conjugating 486
enzyme) on occludin was detected by co-immunoprecipitation. 487
Using the cAMP-mediated TJ disruption model, we have shown 488
that an increase in protein levels of Itch and UBC4 along with a 489
significant reduction in endogenous occludin was detected when 490
TJs were disrupted by dibutyryl-cAMP (db-cAMP). Addition 491
of MG-132 (a proteasome inhibitor) could prevent db-cAMP- 492
induced TJ disruption by altering the rate of occludin degrada- 493
tion (Lui and Lee, 2005). These studies support the notion that 494
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the ubiquitination of TJ protein is one of the regulatory mecha-495
nisms in modulating the junction dynamics in the testis.496
Recently, a specific E3 ubiquitin ligase targeted to E-cadherin497
was identified by yeast two-hybrid system (Fujita et al., 2002).498
This E3, known as Hakai, contains SH2, RING, zinc-finger499
and proline-rich domains. Hakai interacts with E-cadherin in a500
tyrosine phosphorylation-dependent manner and induces ubiq-501
uitination of the E-cadherin complex (Fujita et al., 2002). The502
activation by tyrosine kinases induces the tyrosine phospho-503
rylation of the E-cadherin, which in turn attracts Hakai. Such504
interaction triggers the ubiquitination and degradation of the E-505
cadherin complex (Fujita et al., 2002; Pece and Gutkind, 2002).506
Apart from the identification of E3 ubiquitin ligases specific507
to the integral protein of cell junctions, it has been reported that508
F-box/WD40-repeat protein functions as an E3 ubiquitin ligase509
to regulate the ubiquitination of -catenin, a peripheral protein510
associated with cadherin at the AJ (Hart et al., 1999; Jiang and511
Struhl, 1998; Latres et al., 1999; Marikawa and Elinson, 1998).512
The ubiquitinated-catenin is recognized by the proteasome and513
rapidly degraded. Several studies have illustrated the function514
of F-box/WD40-repeat protein on the degradation of -catenin,515
however, all studies focused on its effect on growth and devel-516
opment via the Wingless-Wnt signaling pathway (Hart et al.,517
1999; Jiang and Struhl, 1998; Latres et al., 1999; Marikawa518
and Elinson, 1998). Therefore, the effect of E3-ligase-mediated519
-catenin degradation on cell adhesion has not been fully char-520
acterized.521
9. Deconjugating ubiquitin from the multiubiquitinated522
substrate to avoid protein degradation523
Protein ubiquitination is a reversible process, and it has524
become increasingly obvious that ubiquitin deconjugation plays525
an important role in rescuing the ubiquitinated proteins from526
proteolysis (for reviews, see Kim et al., 2003; Wilkinson, 2000;527
Wing, 2003).528
In the ubiquitin-proteasome pathway, the ubiquitinated sub-529
strates either undergo degradation by the proteasome or sta-530
bilization through the action of the deubiquitinating enzyme,531
suggesting that the bioavailability of proteins is tightly regu-532
lated by the action of the ubiquitinating and deubiquitinating533
enzymes (for review, see Wilkinson, 2000). As a result, the dis-534
assembly and reassembly of cell junctions could be manipulated535
by the precise regulation on the junction protein levels at the site536
of cell–cell contacts through the specific pathways of ubiquiti-537
nation and deubiquitination (Fig. 2).538
Studies by Taya et al. (1998) have shown that one of the539
deubiquitinating enzymes, Fam, is capable of regulating the540
degradation of peripheral component of nectin-based cell–cell541
adhesion. Immunofluorescence staining has shown that Fam is542
specifically localized at the sites of cell–cell contact in confluent543
MDCKII cells. Fam not only co-localizes with AF-6 (afadin), but544
also interacts with AF-6 in vitro and in vivo. More importantly,545
Fam can exert its deubiquitinating activity in vivo to release546
ubiquitin from the ubiquinated AF-6, suggesting that the degra-547
dation of AF-6 at the site of cell–cell adhesion is regulated by548
Fam (Taya et al., 1998).549
Apart from deubiquitinating the ubiquitinated AF-6, other 550
studies have demonstrated that Fam also interacts with another 551
AJ peripheral components, -catenin. It was found that Fam 552
could stabilize -catenin by inhibiting its degradation, thereby 553
prolonging the half-life of -catenin (Taya et al., 1999). 554
Although the detailed mechanism underlying the stabilization 555
of -catenin by Fam has not been fully elucidated, it is presum- 556
ably through the deubiquitination of -catenin. 557
It is obvious that the degradation of peripheral membrane 558
proteins AF-6 and -catenin are regulated through the FAM- 559
mediated deubiquitination. However, virtually no deubiquitinat- 560
ing enzyme specific to the integral membrane protein of AJs and 561
TJs has been identified. Work should be expanded to identify the 562
candidates involved in deubiquitination of the junction proteins 563
as well as to understand the precise regulatory mechanism(s) by 564
which junction dynamics are regulated utilizing these deubiqui- 565
tinating enzymes. 566
Although the exact mechanisms of ubiquitination and deu- 567
biquitination are not fully understood, the junction proteins 568
at the site of cell–cell contacts are in an ubiquitination- 569
deubiquitination equilibrium. Thus, the activity and the expres- 570
sion of the E3 ligases and the deubiquitinating enzymes at the 571
site of cell–cell contacts play a crucial role in affecting this equi- 572
librium, which in turn modulates the junction dynamics (Fujita 573
et al., 2002). 574
10. Endocytosis of junction proteins 575
The level of junction proteins at the site of cell–cell contacts 576
could be modulated by transcriptional regulation and/or protein 577
degradation through the ubiquitin-proteasome pathway (Thiery, 578
2002). The endocytosis and recycling of junction proteins have 579
recently emerged as an alternative mechanism allowing cells to 580
undergo rapid changes in morphology in response to extracel- 581
lular stimuli (Kamei et al., 1999; Le et al., 1999; Paterson et al., 582
2003) (Fig. 3). 583
Studies from Ivanov et al. have demonstrated that internal- 584
ization of TJ proteins such as occludin, JAM-1, claudins-1 and 585
-4 were observed in T84 epithelial cells by proteinase protection 586
assay and immunocytochemistry (Ivanov et al., 2004). Addition 587
of pharmacological inhibitors of clathrin-mediated endocytosis 588
blocked the process, suggesting the endocytosis is clathrin- 589
dependent. However, those TJ proteins are targeted neither for 590
recycling nor for degradation in lysosomes. It was proposed that 591
the endocytosed TJ proteins were shuffled into a unique storage 592
compartment, hence providing a new mechanism to disrupt the 593
TJ barrier (Ivanov et al., 2004). 594
Matsuda et al. have shown that the dynamic remodeling 595
of TJs involves the elongation and shortening of individual 596
TJs between two adjacent cells during intercellular motility 597
(Matsuda et al., 2004). During the shortening of the individual 598
TJs, vesicular structures containing claudin-3 were found in the 599
cytoplasm. Interestingly, occludin, ZO-1 and JAM, which are the 600
major building blocks of TJs, were not detected in the claudin- 601
containing vesicles, suggesting that claudin-3, but not other TJ 602
components were selectively segregated during TJ internaliza- 603
tion (Matsuda et al., 2004). These results suggest that distinctive 604
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Fig. 3. Disassembly and reassembly of cell junctions are mediated by endocytosis and recycling of cell junction proteins. Junction proteins are internalized via
different endocytic structures including caveolin-coated vesicle (a), clathrin-coated vesicle (b) and actin-coated vacuolae (phagosome) (c). Internalized proteins are
delivered into early endosomes. Subsequently they are delivered to either late endosome which targets for degradation in lysosome (d) or recycling endosome for
channeling back to the cell surface (e).
internalization of claudins plays a crucial role in the remodel-605
ing of TJs and the selective regulation of claudin endocytosis is606
important in intercellular motility (Matsuda et al., 2004).607
Endocytosis not only plays a role in TJ dynamics, its effect608
on the regulation of AJ dynamics is well-documented (Kamei609
et al., 1999; Le et al., 1999; Palacios et al., 2001, 2002). For610
instance, using surface biotinylation and recycling assays, Le et611
al. have shown that some of the E-cadherin at the cell surface are612
actively internalized and then recycled back to the plasma mem-613
brane through the classic clathrin-mediated endocytosis pathway614
(Le et al., 1999). When cells were cultured in Ca2+-depleted615
medium, a significant increase in the endocytosis and recycling616
cell surface E-cadherin was observed. The reassembly of AJs by617
Ca2+-repletion was inhibited by bafilomycin-mediated disrup-618
tion of the endocytosed E-cadherin recycling (Le et al., 1999).619
These results support the notion that endocytosis and the recy-620
cling of the junction proteins are involved in the regulation of621
junction dynamics.622
Subsequent studies have also identified the signaling cascades623
and biomolecules involved in the internalization of AJ proteins624
(Kamei et al., 1999; Palacios et al., 2001, 2002; Paterson et625
al., 2003). The diversity of the internalization mechanisms for626
junction protein has already been covered in an excellent recent627
review (Ivanov et al., 2005). Readers are strongly encouraged628
to seek additional information on these subject areas from this629
article.630
Previous studies in our laboratory have demonstrated that631
RhoB GTPase are also involved in regulating Sertoli–germ AJ632
dynamics (Lui et al., 2003a). Several small GTPases such as633
Rho and Rab family members are involved directly and indi-634
rectly in the endocytosis and recycling of E-cadherin in several635
epithelial cells (Kamei et al., 1999; Palacios et al., 2001, 2002;636
Paterson et al., 2003). For instance, the activation of ARF6 in 637
MDCK cells promotes the clathrin-dependent internalization 638
of E-cadherin, resulting in the disassembly of AJs without the 639
remodeling of actin filament (Palacios et al., 2001). Recently, 640
the molecular mechanism of ARF6 on AJ disassembly has 641
been identified. It was found that ARF6-GTP interacted with 642
and recruited Nm23-H1, a nucleoside diphosphate kinase, to 643
facilitate dynamin-mediated endocytosis during AJ disassem- 644
bly (Palacios et al., 2002). All these studies clearly suggest small 645
GTPases play an important role in regulating the endocytosis of 646
junction proteins, resulting in junction remodeling. 647
11. Concluding remarks 648
In this review, we have summarized some of the recent find- 649
ings in the study of junction dynamics in epithelial cells, some 650
of the potentially important regulators such as E3 ligase, and 651
regulatory pathways of junction dynamics recently identified 652
in the testis. It is obvious that many questions remain to be 653
addressed. For instance, the precise transcriptional regulation in 654
controlling the testis-specific expression of junction proteins and 655
transcriptional repression of TJ proteins at the stages VIII and 656
IX, by which preleptotene and leptotene spermatocytes traverse 657
the BTB, remain unknown. 658
Studies of the effect of ubiquitination on junction dynamics in 659
the seminiferous epithelium are very limited, apart from a recent 660
study assessing the role of Itch (E3 ligase) on the Sertoli TJ 661
barrier in vitro. This apparently is a priority area that needs to be 662
further investigated in the near future. As such, the identification 663
of specific E3 ligases targeted to different junction proteins and 664
the elucidation of the precise regulatory mechanisms are needed 665
to be addressed. 666
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Another interesting topic that deserves further investigation667
is whether endocytosis plays a role in modulating the junction668
dynamics in the testis. Many studies have demonstrated that669
endocytosis of junction protein is a rapid and effective way in670
reorganizing cell junctions. This information from the studies of671
other epithelial cells provides a blueprint for us to examine the672
role of endocytosis on junction dynamics in the seminiferous673
epithelium.674
A thorough understanding of germ cell migration during sper-675
matogenesis, in particular, the cell junction dynamics in the676
seminiferous epithelium, would allow the identification of new677
targets for non-hormonal male contraceptive development. For678
instance, selective repression of the junction protein expression679
at the apical ES, such as nectin-2, might induce premature release680
of spermatids into the tubular lumen via the transcriptional regu-681
lation. Alternatively, if prolonged expression of junction proteins682
could be procured, germ cells might be trapped in the seminifer-683
ous epithelium for an extended period leading to apoptosis. This684
post-meiotic approach of male contraception can be achieved685
by the identification of the testis-specific transcription factors686
that are involved in regulating junction protein expression in the687
seminiferous epithelium.688
The precise control of junction protein turnover in the semi-689
niferous epithelium provides another line of potential for male690
contraceptive development. For example, alteration of ubiqui-691
tination or endocytosis of junction proteins will interfere the692
dynamic control of junction disassembly and reassembly in the693
seminiferous epithelium and thus may cause the loss of fertility694
in the male.695
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